Filamentous fungi of the genus Trichoderma have long been recognized as agents for the biocontrol of plant diseases. Trichoderma spp. can directly impact mycelia or survival propagules of other fungi through production of toxic secondary metabolites, formation of specialized structures, and secretion of cell wall-degrading enzymes (6, 50, 54) . This mycoparasitic activity of Trichoderma spp. against phytopathogenic fungi and oomycetes due to lytic activity of cell wall-degrading enzymes has been widely studied (59) . In addition to mycoparasitism, other mechanisms have been proposed to account for biocontrol of plant disease by Trichoderma spp., including the induction of resistance in the host plant and competition for nutrients and potential infection sites (20) . All of these mechanisms have been shown to be employed effectively by Trichoderma virens. This biocontrol agent has been recognized as an aggressive mycoparasite capable of competing ecologically when colonizing potential sites of infection (21, 43) . Different strains have been shown to induce phytoalexin production (19, 22) and systemic resistance (12) . T. virens produces secondary metabolites, including gliotoxin, gliovirin, and peptaibols with known antimicrobial activities (23, 62) , that have been shown to act synergistically with lytic enzymes to enhance the destruction of host cell walls (11) .
During mycoparasitism, the ability of Trichoderma to sense a potential fungal host has been demonstrated, and key elements in the signaling transduction pathways and regulatory sequences in the promoter regions of mycoparasitism-related genes have been identified (7, 38, 64) . Recently, the production of several extracellular proteins and corresponding genes by Trichoderma has been reported to be regulated during early interaction with plants (12, 57, 58) . For example, the presence of plant roots induced the production in T. virens of a hydrophobin-like elicitor, Sm1, able to trigger systemic resistance in the plant (12) , and two aspartyl proteases were found to be induced during root colonization by Trichoderma asperellum (58) . In another symbiotic plant-fungus system, a ␤-1,6-glucanase was identified as being secreted into the apoplast of the host grass by its endophytic fungus, Neotyphodium sp. (40) . Multiple functions for the enzyme were proposed, including the degradation of the cell walls of other fungi that may be encountered within the host plant. However, there are no data available on the regulation or potential involvement of ␤-1,6-glucanases secreted during Trichoderma-plant interactions.
Chitinases and glucanases are the most extensively studied hydrolytic enzymes, since chitin and ␤-1,3-glucan are the main fungal wall structural components (5) . However, the cell walls of plant-pathogenic oomycetes, such as Pythium ultimum, are composed mainly of ␤-1,3-and ␤-1,6-glucans and cellulose instead of chitin (5) . Furthermore, less-abundant structural components, such as ␤-1,6-glucan, have been found in Saccharomyces cerevisiae as the link between cell wall proteins and the main ␤-1,3-glucan/chitin polysaccharide (24, 33) . Thus, ␤-1,6-glucanase may contribute to the efficient disorganization and further degradation of the host cell walls that occur during mycoparasitism. The lytic activity of ␤-1,6-glucanases against yeast (63) and cell walls of filamentous fungi in combination with other lytic enzymes has been described (9, 39) . Recently, a ␤-1,6-glucanase has been shown to be a virulence factor in the interaction between the mycopathogen Verticillium fungicola and its host, Agaricus bisporus (1).
Even though ␤-1,6-glucanases have been purified from several filamentous fungi, including Penicillium brefeldianum (51) , Acermonium sp. (37) ., and Trichoderma harzianum (8, 9, 39) , their physiological function has not been conclusively established. Current knowledge of ␤-1,6-glucanases is limited to studies of biochemical and lytic properties of purified enzymes (9, 37, 39) . We have previously cloned a gene, Tvbgn3, encoding a ␤-1,6-glucanase from T. virens (25) . In this study, we assessed the physiological and ecological role of this enzyme in T. virens using a functional genomics approach. A series of transformants in which Tvbgn3 was disrupted or constitutively overexpressed were compared to the wild type (WT) to elucidate the role of this enzyme. Our results provide direct in vivo evidence of the involvement of ␤-1,6-glucanases in biocontrol. To our knowledge, this is the first report of deletion of ␤-1,6-glucanase in any fungal biocontrol agent. 94°C, 30 s at 58°C, and 40 s at 72°C). The sizes of the PCR products are 550 bp and 1 kb in cDNA and genomic DNA, respectively. PCR was performed according to the manufacturer's instructions using an Invitrogen (Carlsbad, CA) Taq DNA polymerase kit. PCR products were electrophoresed on 2% agarose gels, and band intensities compared within each experiment after ethidium bromide staining.
Analysis of Tvbgn3 protein levels in the presence of a host plant. A hydroponic growth system (12) was used to analyze possible changes in the production of Tvbgn3 in the presence of a host plant. Briefly, T. virens was grown in liquid medium in the presence or absence of cotton seedlings. Proteins in the culture filtrate were collected, concentrated, and analyzed by 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting as described below.
Construction of ␤-1,6-glucanase deletion and overexpression transformants. The ␤-1,6-glucanase disruption vector (pSZD12) was constructed by replacing a 2-kb fragment (1.35-kb Tvbgn3 ORF and a 650-bp upstream region) with a 3.0-kb SmaI/EcoRV fragment of the T. virens arg2 gene (4) . The resulting vector contained 1.2-kb and 3.8-kb noncoding upstream and downstream Tvbgn3 sequences from pSZD4 flanking the selectable arg2 gene. The 3.8-kb fragment was PCR amplified with a forward primer containing an engineered BamHI restriction site starting directly after the Tvbgn3 stop codon. Following amplification, the 3.8-kb PCR product was restricted with BamHI and ligated into the vector containing 1.2 kb flanking the arg2 gene to obtain the gene replacement vector (pSZD12) (see Fig. 3A ). The 8-kb ApaI/NotI deletion cassette was isolated from pSZD12 and used for fungal transformation. An overexpression vector (pJCC6) was constructed by placing the 1.29-kb ORF of the Tvbgn3 cDNA clone between the promoter and the terminator regions of the T. virens gpd (glyceraldehyde-3-phosphate dehydrogenase) gene (3) . This vector includes a 3.0 kb SmaI/EcoRV fragment containing the arg2 gene as a selectable marker. For fungal transformation, a circular Tvbgn3 overexpression vector was used in our standard transformation protocol (4) .
Transformation and screening of transformants. Preparation of protoplastand polyethylene glycol-mediated transformation of Tv10.4 with selection for arginine prototrophy was performed as previously described (4) . Stable prototrophic transformants were selected by consecutive transfer of single colonies to VMS, PDA, and VMS.
Screening of deletion strains was first performed by PCR. For deletion transformants (GKO), ␤-1,6-glucanase-specific primers, Sd6 and Sd5, were used to amplify the 200-bp PCR product from the WT genomic DNA. Transformants yielding no product following PCR amplification were further selected for Southern blotting analysis.
Screening of potential transformants for overexpression of Tvbgn3 (GOE) was initially performed by enzymatic activity assays of culture filtrates. Culture filtrates were obtained by inoculating 12-well MULTIWELL tissue culture plates (Becton Dickinson and Co., Franklin Lakes, NJ) containing 3 ml per well of VMM (1.5% mannose) with a conidial suspension of the appropriate fungal strain. Plates were incubated on a rotary shaker with slight agitation for 2 days at 23°C. Culture filtrates were collected by filtration through a 10-m NITEX nylon cloth (TETKO, Inc., Depew, NY), and ␤-1,6-glucanase activity was assayed as described below.
Confirmation of transformants. To confirm effective disruption or overexpression of Tvbgn3, expression levels of the gene under inducing conditions was assessed. For that, conidia of the WT, GKO, and GOE strains were inoculated in VMS and transferred to VMR as described above. After 18 h, mycelia were collected and RNA isolated. Fifteen micrograms of total RNA per sample was analyzed by Northern blotting with hybridization performed at 42°C using Ultrahyb (Ambion). Hybridization signals were detected with a FUJIFILM BAS-1800 Phosphor-Imager and analyzed by using ScienceLab'98 Image Gauge ver. 3.4X image software. Transformants were further verified by detection of Tvbgn3 by SDS-PAGE and Western blotting and quantification of ␤-1,6-glucanase activity in culture filtrates after 5 days of fungal growth in VMS.
Protein extraction, SDS-PAGE, and Western blot analysis. Proteins in the culture filtrates were precipitated by 80% ammonium sulfate. Pellets were resuspended in 50 mM sodium acetate and dialyzed against the same buffer (10-kDa molecular mass cutoff; Pierce, Rockford, IL). Protein concentrations were determined by using the Bio-Rad Bradford microassay with bovine serum albumin as a standard. Proteins were separated by 15% SDS-PAGE. One gel followed by Coomassie staining was used as a control, whereas another one was electroblotted to a nitrocellulose membrane (Osmonics Inc., Gloucester, MA). Tvbgn3 polyclonal antibodies (dilution, 1:1,000) were used in a standard Western blot procedure (49) .
␤-1,6-glucanase activity assay. Activity of ␤-1,6-glucanase in the culture filtrates was determined by liberation of reducing sugars from pustulan solution (20 (9, 41 ). An enzyme unit was defined as the amount of enzyme that catalyzes the release of reducing sugar groups equivalent to 1 mol of glucose for 1 min under the described assay conditions. Transformants with the highest enzymatic activities were selected for Southern blotting analysis. N-terminal sequencing and antibody production. Protein extracts of the T. virens overexpression strain GOE53, obtained as described above, were analyzed by SDS-PAGE. The protein band corresponding to Tvbgn3 was excised and electroeluted in the Electroeluter 422 (Bio-Rad, CA). To confirm the identity of the eluted protein, N-terminal sequencing was performed by automated Edman chemistry on a Hewlett Packard G1005A Protein Sequencher (Protein Chemistry Laboratory, Texas A&M University). The electroeluted protein was used to produce a polyclonal antibody in rabbits (Sigma, The Woodlands, TX).
Phenotypic analysis of transformants. Cultures of selected transformants were compared to that of the WT strain for colony morphology, radial growth, spore formation and production, root colonization, and gliotoxin synthesis. Agar discs from actively growing colonies were inoculated in the center of VMS, PDA, or water agar (WA) plates. Formation of aerial hyphae and phialides, colony pigmentation, and colony growth patterns were visually discerned over 7 days. Hyphal extension on these three media was recorded at 24 and 48 h of growth at 27°C. The border of the hyphal extension was marked each day, each plate was photographed, and the surface area of growth was determined using ImageJ software (http://rsb.info.nih.gov/ij/). Each treatment contained four repetitions, and each experiment was repeated at least twice. The growth patterns of expanding hyphae from an agar disc centrally placed on a microscope slide coated with PDA or VMS was observed at 24 and 48 h. The numbers of conidia were determined by removing agar discs (three per plate; five repetitions) from 10-day-old PDA or VMS that had been uniformly inoculated with a conidial suspension. Discs were placed in sterile water containing 0.01% Tween 80 and vortexed for 1 min, and conidia were counted with a hemacytometer. To assess chlamydospore production, each strain was grown in a molasses medium (61) for 14 days, harvested by vacuum filtration, biomass air-dried overnight, and ground in a Wiley mill (40 mesh). Each preparation (0.1 g) was then suspended in 0.01% Tween 80 solution and counts of chlamydospores determined with a hemacytometer. The abilities of strains to colonize cotton roots were determined by first coating cotton seeds with chlamydospore preparations (61), planting seeds in plastic containers (3.81 by 20.9 cm), and incubating the seedlings in a growth chamber (EGC) at 25°C for 10 days. Five plants per strain were harvested and root systems washed, weighed, and homogenized in a Waring blender for 30 s. Serial dilutions were assayed by determining numbers of CFU on GVSM (43) . The experiment was repeated twice. The synthesis of gliotoxin was assessed by measuring the zone of inhibition on antibacterial indicator plates using Bacillus cereus as the indicator organism (44) . Each strain was replicated on five different plates, with the experiment repeated. Quantitative data were analyzed by analysis of variance (ANOVA) and Fisher's protected least significant difference (PLSD) test (P Ͻ 0.05) (Statview v. 5.0.1; SAS Institute, Cary, NC).
Fungal growth inhibition assay. To assess the biological function of Tvbng3, two representatives from each set of GKO and GOE transformants, selected based on their Tvbgn3 protein and activity levels, were compared with the WT. Growth inhibition of P. ultimum by extracellular proteins of the T. virens WT and transformants was examined in 12-well MULTIWELL tissue culture plates as previously described (3). Extracellular proteins were obtained by filtering 4-day VMS culture filtrates of each treatment through a 10 m NITEX nylon cloth and then a 0.45-m filter and concentrating them by using a 10-kDa-cutoff Millipore Amicon Ultra centrifugal filter device (Bedford, MA). Following concentration, proteins were added to the cooled autoclaved PDA in sufficient volume to result in a 1ϫ or 2ϫ concentration. The 1ϫ concentration represented the concentration of the original culture filtrate. Agar plugs (diameter, 5 mm) of actively growing cultures of P. ultimum were placed on the middle of the wells and incubated at 27°C. When the hyphae in any of the treatments reached the edges of the well, the incubation was considered complete. Growth area of the fungus was marked, and the images were processed using ImageJ software.
Plant bioprotection assay. Cotton seeds (Gossypium hirsutum cv. Deltapine 451 B/RR) were coated with a latex sticker (Rohm and Haas, Philadelphia, PA), followed by coating with fine granules of chlamydospore preparations (61) . The inoculum of P. ultimum was prepared as previously described (21) . The coated seeds were planted in test tubes, each containing 10 g of a soil-sand mixture (60% Lufkin fine sandy loam and 40% fine sand) infested with P. ultimum oospores. Negative (CϪ) and positive (Cϩ) controls consisted of tubes containing uninfested soil in which untreated seeds were planted or infested soil in which untreated seeds were planted, respectively. Each treatment, consisting of 10 tubes, was replicated 3 times, and the experiment was repeated twice. The tubes were incubated for 7 days in a growth chamber at 25°C and with a 14-h photoperiod. After incubation, the number of healthy surviving seedlings was counted.
Computational analysis. 
RESULTS
Reisolation of Tvbgn3 and sequence analysis. To obtain the flanking regions of the Tvbgn3 ORF for construction of deletion strains and analysis of putative regulatory motifs, a clone with a high-molecular-weight insert was isolated from the T. virens BAC library (18) using the 1.29-kb ORF of the ␤-1,6-glucanase cDNA (25) as a probe. From the 7-kb BAC subclone (pSZD4), we generated a 3.9-kb sequence containing 1.35 kb of the Tvbgn3 coding region, 1.91 kb of 5Ј flanking sequence, and 0.64 kb of the 3Ј flanking sequence. The Tvbgn3 copy number was determined by Southern analysis of T. virens WT genomic DNA. The restriction pattern indicates that Tvbgn3 is a single-copy gene in the T. virens genome (data not shown).
The Tvbgn3 ORF, interrupted by a single intron, encodes a 429-amino-acid polypeptide with a predicted molecular mass of 48.1 kDa and a pI of 5.56 (25) . Analysis of the 740-bp region upstream of Tvbgn3 (Fig. 1 ) revealed putative TATA boxes at positions Ϫ16, Ϫ91, and Ϫ540 and putative CAAT boxes at Ϫ23, Ϫ104, Ϫ114, Ϫ445, and Ϫ478 upstream of the ATG codon. Additionally, several putative regulatory motifs in the promoter region of Tvbgn3, previously found in other fungal genes, including those of Trichoderma, were identified. An AceI (5Ј AGGCA 3Ј) motif, involved in the induction of cellobiohydrolase genes in response to cellulose (2, 48) , was found at position Ϫ681. Two stress response sites, STRE (CCCCT) (7, 34) , were identified at Ϫ461 and Ϫ667. Some of the mycoparasitism response elements (MYRE1 through MYRE4) described for ech42 and prb1 of Trichoderma atroviride (7) and Tvsp1 of T. virens (46) and the newly identified MYRE5 motif (CP4-CP1, CX3-CX1, or PX2-PX1) in the promoter region of the Trichoderma hamatum chit42, prb1, and xbg1.3-110 genes (55) were also found in the Tvbgn3 promoter. These include MYRE3 (GGGCAC) at Ϫ502, PX2 (ATT-TAAG) at Ϫ102, and CP2 (AACGTT) at Ϫ144. In contrast to other mycoparasite-related genes (7, 46) , neither CreA-binding motifs (5Ј SYGGRG 3Ј) involved in catabolite repression (26, 53) nor a HGATAR site, a putative binding consensus for nitrogen regulation (47) , was found in the Tvbgn3 promoter region.
N-terminal analysis of the deduced amino acid sequence of Tvbgn3 using SignalP and the hydropathy plot calculated by the method of Kyte and Doolittle (27) indicated that a putative cleavage site between the signal peptide and the mature, secreted protein is located between residues 17 and 18. However, N-terminal sequencing of the partially purified Tvbgn3 protein (See Materials and Methods) yielded the seven-residue sequence FEPSLAS (Fig. 1) . The mature protein therefore starts at amino acid 41. The presence at positions 39 to 40 of the KR sequence, a target sequence for the specific protease Kex2, further supports the additional processing of the preprotein VOL. 72, 2006 Tvbgn3 IS INVOLVED IN MYCOPARASITISM AND BIOCONTROL 7663 (17) . Thus, the mature protein contains 389 amino acids, a predicted molecular mass of 43.6 kDa, and a pI of 5.31. Several potential posttranslational modifications are predicted from the sequence (ScanProsite), including an N-glycosylation site (residue 29), an amidation site (residue 37), and multiple phosphorylation and N-myristoylation sites. Tvbgn3 gene expression analysis. The basal level of expression of Tvbgn3 under noninducing conditions was very low and could not be detected by standard Northern blot analysis (data not shown). Thus, sqRT-PCR was performed to assess the regulation of Tvbgn3 by different starvation conditions or diverse carbon sources at different time points. A range of PCRs was performed to determine the optimal number of PCR cycles for linear amplification of the gene.
sqRT-PCR analysis confirmed very low basal levels of expression of Tvbgn3 in VM, VM supplemented with glucose and nitrogen (VMG), or VM supplemented with glucose but depleted of nitrogen (VMG-N) (Fig. 2) . When R. solani or P. ultimum cell walls were used as a carbon source, expression of Tvbgn3 was found to be induced, regardless of the presence or absence of a nitrogen source (VMR and VMR-N). Tvbgn3 induction in VMR was first observed at the 6-h time point, and the expression level remained similar after 24 h of incubation. A stronger induction was observed in the presence of Pythium cell walls. The expression of Tvbgn3 in VMP was detected as early as 1 h after the transfer of mycelia to the fresh medium, with the maximum level of expression observed at 24 h (Fig. 2) .
Tvbgn3 protein levels during interaction with cotton roots. In addition to regulation by the fungal host, we examined if Tvbgn3 is regulated during WT interaction with plants using a hydroponic system (12) . Proteins secreted into the hydroponic growth medium containing only mycelia of the WT or mycelia interacting with cotton roots after 48 h were concentrated and analyzed by Western analysis. No Tvbgn3 could be detected in hydroponic media of the WT growing in the presence or absence of the cotton seedlings (data not shown).
Identification of ␤-1,6-glucanase deletion and overexpression transformants. The vector for gene replacement, pSZD12, was constructed to replace the entire Tvbgn3 ORF with a selectable marker (Fig. 3A) . A total of 90 stable transformants were tested by PCR for a Tvbgn3 gene disruption. Six PCR-selected candidates were further analyzed by Southern hybridization to Fig. 3A , after double digestion of the genomic DNA with BamHI/XbaI and hybridization with the 1.8-kb BamHI/XbaI fragment immediately downstream of Tvbgn3 ORF, a positive disruption event was expected to yield a 1.8-kb band versus a 2.5-kb band in the WT. Five strains, GKO100, GKO111, GKO112, GKO168, and GKO212, were clearly disrupted for the gene, while strain 25 contained both 1.8-kb and 2.5-kb bands, indicating ectopic integration of pSZD12 (Fig. 3B) . The overexpression vector pJCC6 was constructed for constitutive overproduction of the Tvbgn3 gene (Fig. 4A) . Screening of stable putative Tvbgn3 overexpression transformants was initially performed by measuring ␤-1,6-glucanase activity (9, 41) . The transformants with highest enzymatic activity were selected for Southern analysis. Out of 72 putative GOE strains, 11 candidates were selected for Southern blotting analysis. Genomic DNA of putative ␤-1,6-glucanase overexpression strains was digested with EcoRI. A positive Tvbgn3 overexpression event was expected to yield a 1.45-kb versus 6-kb band for the WT after hybridization with the gene-specific probe (Fig.  4A) . Eight ␤-1,6-glucanase overexpression transformants were identified (GOE24, GOE234, GOE257, GOE53, GOE255, GOE7, GOE34, GOE153) (Fig. 4B) . Most of the GOE transformants had additional bands indicating various integration events with genomic rearrangements. The intensity of the 1.45-kb band in some of the transformants, such as GOE7, GOE53, and GOE153, suggested integration of multiple copies of the construct (Fig. 4B) .
␤-1,6-glucanase expression, protein production, and enzymatic activity of transformants. To confirm successful disruption of the Tvbgn3 gene and that the overexpression transformants were functional, i.e., showing elevated levels of transcription compared to the WT, Northern analysis was performed. Figure 5 shows Northern analysis of selected transformants grown under inducing conditions (VM supplemented Northern analysis of Tvbgn3 expression in deletion and overexpression strains. Total RNA was extracted from the wild type (WT), deletion strains (GKO100, GKO111, GKO112, GKO168, and GKO212), a strain with ectopic integration of the construct (25) , and selected overexpression strains (GOE7, GOE53, and GOE153) cultured in VM medium supplemented with 0.3% R. solani cell walls for 18 h. Fifteen micrograms of total RNA was separated on a formaldehyde-agarose gel, transferred to a Hydrobond-N ϩ nylon membrane, and hybridized with a 538-bp XbaI/PstI Tvbgn3 fragment (top panel). Bottom panel, the same membrane was hybridized with a 550-bp actin fragment PCR amplified from T. virens WT cDNA as a control for even loading. with R. solani cell walls). No transcripts of Tvbgn3 were detected in any of the GKO transformants (GKO100, GKO111, GKO112, GKO168, and GKO212), confirming the disruption of the gene by the selectable marker (Fig. 5) . In agreement, the Tvbgn3 protein was absent in GKO strains as confirmed by Western analysis (data not shown). Among overexpression strains, Tvbgn3 transcript levels were much higher in three selected mutants (GOE7, GOE53, GOE153) than in the WT, indicating the constitutive expression of the construct (Fig. 5) . Increased expression levels in selected GOE strains correlated with protein production, since these transformants produced the largest amount of Tvbgn3 after 5 days of growth in VMS medium (Fig. 6) . The other four transformants (GOE24, GOE234, GOE255, and GOE257) produced less Tvbgn3 than GOE7, GOE53, and GOE153 but more than the WT, as confirmed by both SDS-PAGE and Western analysis ( Fig. 6A and  B) . Furthermore, we confirmed that the constitutively synthesized protein was correctly processed and functional, since the amount of the Tvbgn3 protein produced (Fig. 6A and B ) correlated with the levels of the total ␤-1,6-glucanase activity detected using pustulan as the substrate (Fig. 6C) . Transformants GOE7, GOE53, and GOE153 displayed 10.9-, 20.8-, and 8.3-fold-higher ␤-1,6 glucanase activity levels (expressed in U/mg) than the WT, whereas the activities of GOE24, GOE234, GOE255, GOE257 were in a range of 1.30-to 2.5-fold higher than those of the WT (Fig. 6C ). Protein and enzymatic activity assay levels for transformants (Fig. 6 ) correlated with the results from the Southern analysis (Fig. 4) . The selected GOE strains, showing the highest integration of multiple copies of the overexpression construct (GOE7, GOE53, and GOE153), also displayed the highest protein level and enzymatic activity. Phenotypic analysis of transformants. A number of phenotypic assays were conducted with the gene disruption, overexpression, and WT strains to ensure that the strains were comparable in many developmental and life cycle events. Similarity among the mutant and WT strains for these events provided confidence that the results from the biocontrol assays were a function of genetic manipulations in Tvbgn3 rather than the transformation procedure. There were no evident changes in cultures of GKO or GOE strains compared to the WT with respect to colony morphology and pigmentation, phialide formation, the presence of aerial hyphae, or the growth pattern of hyphae on solid media. No differences among the strains were found for conidial abundance on complex (PDA) or minimal (VMS) medium or in chlamydospore production under fermentation conditions. Fungal growth was assessed for three GKO strains (GKO111, GKO112, and GKO212), three GOE strains (GOE7, GOE53, and GOE153) and the WT under different nutritional conditions (VMS, WA, and PDA). There was no statistically significant difference in the mycelial surface area among the strains after 1 or 2 days growth on any of the media (Table 1) . Zones of inhibition on antibacterial indicator plates resulting from the presence of gliotoxin in culture filtrates were similar among all strains tested. Finally, there was no significant difference in the ability of the strains to colonize roots of cotton seedlings (expressed as CFU/g root tissue). a Surface area of growth of the WT, GKO strains, and GOE strains in PDA, VMS, or WA plates, recorded for 2 days. The data are represented as the ratio of fungal growth area to the total area of the plate in percentages. Each column represents the mean growth area of four replicates from two independent experiments. Based on ANOVA (P Ͻ 0.05), there was no significant differences in growth area among these strains on any of the media tested. 
Growth inhibition of phytopathogens by WT and transformants.
The abilities of T. virens Tvbgn3 transformants and the WT to inhibit the growth of the fungal pathogens P. ultimum and R. solani were compared. The pathogen was inoculated onto medium containing the protein extracts of the WT, GKO, or GOE strain, and following incubation, hyphal extension of the pathogen was recorded and the growth area calculated for each treatment.
The average growth rate of P. ultimum, given as a rate of increase in the radius of the fungal growth area during 7 h on unamended PDA, was 1.12 mm/h. Despite such a high growth rate, P. ultimum was inhibited by the extracellular protein extracts of T. virens. The inhibition resulted from the fraction of proteins with molecular masses greater than 10 kDa, since that was the size of the membrane used for protein concentration. This excludes toxic effects of culture filtrates due to the presence of antibiotic compounds (gliotoxin and gliovirin) known to be produced by T. virens. When the original concentration of culture filtrates was used, there was a noticeable but not significant (P Ͻ 0.05) inhibition of Pythium growth by GOE strains (data not shown). However, when 2ϫ concentrations were used, the growth of P. ultimum was significantly reduced by GOE strains (GOE53, 38.1%; GOE153, 33.7%) compared to that of the WT (63.8%). The effect of Tvbgn3 deletion on growth inhibition was clear, since GKO strains had a significantly reduced ability to inhibit Pythium growth (GKO111, 90.8%; GKO112, 85.4%) compared to that of the WT (63.8%). The growth of P. ultimum on medium containing extracellular proteins from GKO strains did not differ significantly from that on the water-amended medium (Fig. 7A) . These results suggest a major role of Tvbgn3 in the growth inhibition of P. ultimum.
Rhizoctonia solani showed as lower growth rate than P. ultimum. Hyphal growth, measured after 17 h of incubation, yielded an average rate of 0.6 mm/h. However, R. solani was significantly inhibited by all Trichoderma strains at both concentrations. Regardless of the concentration of proteins applied, the inhibition patterns of the WT and of transformants were similar. A slight increase in the inhibition rate by GOE strains compared over that of the WT was observed at a 2ϫ concentration, but the difference was not statistically significant (at a significance level of 5%) (Fig. 7B) .
Plant biocontrol assay. To assess the relevance of this enzyme in the biocontrol ability of T. virens against P. ultimum, the protection of cotton seedlings against this pathogen by the different transformants was compared (Fig. 8) . While 66.7% of seedlings survived in noninfested soil (CϪ), infestation of soil with Pythium inoculum reduced seedling survival to 6.7% (Cϩ). Seed treatment with any of the Trichoderma strains resulted in a significant improvement of seedling survival. Treatment with the WT resulted in 81.7% survival. GKO and GOE strains showed significantly reduced (GKO111, 60%; GKO112, 65%) or enhanced (GOE53, 93.3%; GOE7, 88.3%) biocontrol activity, respectively, compared to those for the WT. The results of the in vivo plant bioassay correlated with those of the in vitro growth inhibition assay and confirmed the involvement of Tvbgn3 in the biocontrol of P. ultimum by T. virens. 
DISCUSSION
Tvbgn3 from T. virens encodes an extracellular ␤-1,6-glucanase. The protein shares a high similarity to ␤-1,6-glucanases from other filamentous fungi, including biological control agents, endophytes of grasses, and mycoparasites. Its relationship to glycosyl hydrolase family 5, including the predicted catalytic residues (32), was recognized previously (25, 29) . Protein sequence analysis indicates that the gene codes for a preproprotein. The first 17 residues correspond to a signal peptide probably promoting secretion of the enzyme into its immediate environment, a factor considered to be essential in the parasitic ability of mycopathogens (25) . The amino acids immediately preceding the experimentally determined N-terminal residues of Tvbgn3 are Lys-Arg (KR), which constitute a recognition site for a subtilisin-like endoproteinase (Kex2) known to processes secreted proteins in different organisms (14, 17, 56) . A Kex2 recognition site has been detected in a ␤-1,6-glucanase (Bgn16.2) from T. harzianum (29) , as well as in other hydrolytic enzymes from Trichoderma, such as the chitinase CHIT42 (15) and the proteases Prb1 (16) and Tvsp1 (46) . Since this proteolytic processing is required for protein activation (36) and the Kex2 sites were identified in proteins demonstrated to have biological activity, it would appear that the same mechanism of processing plays an important role in biological activation of Tvbgn3.
The mycoparasitism in Trichoderma species is proposed to be regulated by catabolite repression (30) . Since the soil is generally considered a nutritionally sparse environment, when carbon is deprived, alternative pathways are induced in response to environmental stimuli, such as the presence of a potential fungal host. Genes involved in mycoparasitism from Trichoderma species have been shown to be differentially regulated in a carbon/nitrogen-dependent-fashion and in the presence of a fungal host (30, 31, 42, 46) . In this study, gene expression analysis demonstrated the induction of Tvbgn3 by the presence of fungal cell walls, a condition often regarded as a simulation of mycoparasitism. In the presence of Rhizoctonia cell walls, there was a relatively moderate level of induction of Tvbgn3 expression. Remarkably, earlier and higher expression of Tvbgn3 was observed in the presence of P. ultimum cell wall fractions. This stronger induction by Pythium cell walls is coherent with its high content of ␤-1,6-glucans, characteristic of oomycetes, in contrast to R. solani cell walls, which are mainly based on chitin and ␤-1,3-glucans (5). The increase of Tvbgn3 transcripts seems to correspond to the inducer stimulus and not to starvation conditions, since incubation in media lacking carbon or nitrogen resulted in very low levels of transcription. The described gene expression pattern is consistent with the regulatory motifs found in the Tvbgn3 promoter region. No cis-acting elements involved in carbon or nitrogen regulation were found, yet several MYRE elements, proposed to be involved in mycoparasitism (7, 55) , were identified. Recently, Montero et al. (39) described a similar pattern of expression for another ␤-1,6-glucanase (Bgn16.3) purified from T. harzianum. Bgn16.3 was not detected under chitin induction but did specifically and greatly accumulate in the presence of fungal cell walls, suggesting the involvement of this enzyme in mycoparasitism (39) . The presence of several other putative regulatory sequences in the promoter region of Tvbgn3, such as those for cellulose (2, 48) and stress response elements (7, 34) , suggests a complex transcriptional regulation in response to environmental stimuli and deserves further experimental analysis. To assess whether Tvbgn3 is regulated during the interaction of T. virens with plant roots, the levels of Tvbgn3 secreted by the WT growing alone or with cotton roots were compared in a hydroponics system. Although we cannot rule out Tvbgn3 being regulated during the interaction with a host plant but expressed below our detection limits, our results indicate that expression of Tvbgn3 is mainly regulated by the presence of a fungal host and not during the interaction with plants.
The Tvbgn3 gene regulation pattern suggests a role of Tvbgn3 in degrading glucan polymers of the fungal host and providing Trichoderma a nutritional carbon source. As described for other secreted hydrolytic enzymes, ␤-1,6-glucanases may also play a role in fungal development, including hyphal growth and branching, sporulation, or autolysis, after exhaustion of the external carbon source (reviewed in reference 45).
To assess the biological function of the enzyme in T. virens, transformant strains were constructed in which the gene was successfully deleted or constitutively expressed. When these strains (two independently derived GOE and GKO transformants and the wild type) were assessed for a number of phenotypic traits (conidiation, chlamydospore production, gliotoxin synthesis, growth rate, hyphal growth patterns, colony morphology, and root colonization), we found the strains to be similar. Thus, our data do not support any relevant role for Tvbgn3 in normal fungal development. However, these data do support the validity of comparing these mutant strains to determine the role of Tvbgn3 during the interaction of T. virens and seedling pathogens.
Beta-1,6-glucanases purified from Trichoderma (8, 9, 39) were shown to have little or no effect on degradation of cell walls of filamentous fungi alone but significantly improved hydrolytic activity in combination with other cell wall-degrading enzymes (9) . Protein extracts of our transformants lacking or overexpressing Tvbgn3 were compared with the WT for their ability to inhibit the growth of fungal plant pathogens. The compounds, such as gliotoxin or peptaibols, known to enhance the activity of hydrolytic enzymes (11, 52) were excluded to solely test the inhibition activity of secreted enzymes. The effect of protein extracts on the growth of P. ultimum was more prominent than that for R. solani. This was somewhat anticipated, since P. ultimum cell walls are composed of ␤-1,3-and ␤-1,6-glucans and R. solani cell walls consist mainly of chitin (5) , and it is consistent with the gene regulation pattern described above. Differences in the relative hydrolytic activities of ␤-1,6-glucanases on different cell walls depending on their ␤-1,6-glucan content have been demonstrated (9, 39) . Remarkably, in our study, Pythium inhibition by the GOE strains was almost twofold higher than the WT level, while the GKO strains displayed 1.6-fold lower ability to inhibit pathogen growth (Fig. 7A) . Lack of a significant difference in growth of P. ultimum between the untreated control and the treatment with proteins from the disruptant strains suggests a very important role of ␤-1,6-glucanase in mycoparasitic activity of T. virens against this pathogen. Similar findings were obtained when the gene encoding ␤-1,6-glucanase from the pathogenic fungus V. fungicola was disrupted; the mycoparasitic ability with A. bisporus was markedly reduced (1) .
To confirm the biological relevance of the antifungal activity observed in the in vitro assay, the levels of bioprotection achieved by the different strains against P. ultimum were tested in plant bioassays. The results of the plant protection assays clearly demonstrate an effect of deleting or overexpressing Tvbgn3. The disruption of the gene resulted in significantly reduced levels of disease protection compared to those for the WT. Accordingly, seedling survival significantly increased when seeds were treated with the GOE strains (Fig. 8) . Constitutive overexpression of other cell wall-degrading enzymes, such as chitinase, ␤-1,3-glucanase, or protease, has been shown to improve the activity of biological agents (3, 13, 28, 46) . In the present work, we successfully overproduced a ␤-1,6-glucanase in Trichoderma by overexpression of Tvbgn3 in a wildtype background. Previous attempts to overproduce ␤-1,6-glucanase in Trichoderma did not result in an increase of extracellular protein under most conditions, probably due to degradation by acidic proteases or instability at low pH (10) . The transformants overexpressing Tvbgn3 were significantly better in disease control than the WT, confirming the relevance of ␤-1,6-glucanase in biocontrol. Previously, in vitro lytic activity of purified ␤-1,6-glucanases from Trichoderma has been demonstrated (8, 9, 39) . Our study reports for the first time the biological significance of such an enzyme in vivo using a plant-pathogen-biocontrol agent bioassay.
In conclusion, the data presented in this study elucidated the role of ␤-1,6-glucanase in T. virens physiology and ecology. Targeted gene disruption provided the opportunity to study the importance of Tvbgn3 in T. virens physiology. To our knowledge, this is the first report of deletion of ␤-1,6-glucanase in any fungal biocontrol agents. We demonstrated that deletion of the gene had no evident effect on the fungal metabolism and growth. Instead, the involvement of ␤-1,6-glucanase in mycoparasitism and plant protection was shown. Our results shed additional insights into Trichoderma mycoparasitism and biocontrol processes and open new opportunities for biotechnological applications. Indeed, successful overproduction of Tvbgn3 in T. virens strains expressing other mycoparasitismrelated genes has been shown to achieve greater protection against a broader range of plant pathogens (S. Djonovic and C. M. Kenerley, unpublished data).
